Abstract-The widespread use of the Mott-Schottky plots to characterize the energetics of passive film/electrolyte junction is critically reviewed in order to point out the limitation of such approach in describ ing the electronic properties of passive film as well in deriving the correct location of the characteristic energy levels of the junction. The frequency dependency of M-S plots frequently observed in the experimental data gathered in a sufficiently large range of frequency is extensively discussed for a relatively thick (160 nm) ther mally aged amorphous niobia (α Nb 2 O 5 ) film immersed in electrolytic solution. The relatively simple equiv alent electrical circuit describing an ideally blocking behaviour of the junction allows a direct comparison of the experimental data analysis based on the use of Mott-Schottky or amorphous semiconductor Schottky barrier interpretative models. Moreover the theoretical simulations of the M-S plots based on the theory of crystalline semiconductor suggest an electronic structure of the investigated passive film containing a distri bution of localized electronic states deep lying in energy in agreement with the model of amorphous semi conductor Schottky barrier.
INTRODUCTION
The importance of semiconducting properties of passive film in determining both the electron and ion transfer processes at the metal/oxide and oxide/elec trolyte interface is widely recognized [1] [2] [3] . Both these processes play a fundamental role in the mecha nism of film dissolution and breakdown as well as in determining also the rate of localized corrosion pro cess [4, 5] . As for the dissolution processes of semicon ducting film the thermodynamic predictions based on the theory of semiconductor/electrolyte interface can help to predict the possible reactions occurring at this interface with the participation of the surface film itself [6] [7] [8] . In the case of localized corrosion the rate of electron transfer process, necessary to sustain the cathodic reaction coupled to anodic localized process, depends on a complex interplay between the nature of redox couple (through the redox potential, E red/ox , as well as the exchange current density parameter, i 0 ) present in solution, the corrosion potential, U corr , and the flat band potential, U fb , of the semiconducting pas sive film and its conductivity (p or n type). In any case the location of the characteristic energy levels of the metal/passive film/electrolyte junction is the prelimi nary task for a deeper understanding of the mechanism of corrosion at a molecular level. According to this a large effort of research has been dedicated in the last years to the study of the semiconducting properties of passive films and corrosion layers [3] . In this frame the main task for a correct location of the characteristic levels of the passive film/electrolyte junction (U fb , conduction band edge, Е С , valence band edge, E V ) is to get a reliable measurement of the flat band potential as well as the distance in energy between the Fermi level of the passive film, coincident with the U fb in the suitable scale of energy, and the nearest charac teristic level of the semiconductor Е С (n type SC) or E V (p type SC). The third characteristic level is derived once the value of band gap (or mobility gap for amor phous material) is known. The most frequently employed method to derive the U fb value is by means of differential capacitance measurements and their rep resentation in the classical Mott-Schottky plots. This last theory, initially used for solid state junction, has been validated also for solid liquid junction trough the fifties [9, 10] in several classical papers [11, 12] and books [13] [14] [15] . A special role, in the validation of the Mott-Schot tky analysis also for the semiconductor/electrolyte (SC/E1) junction, was played by the classical work of Dewald on single crystal ZnO/electrolyte interface [11, 12] which provided to the electrochemists a new route for a deeper understanding of the structure of SC/electrolyte interface. The very nice agreement between experimental results and Mott-Schottky the ory, shown in the Dewald's paper, together to a rela tively simple interpretative model rendered very popu lar, through the years, the use of such an approach also in the study of semiconducting passive film/electrolyte junctions. However, in the case of passive films, the extreme thinness and the disordered or amorphous structure add further complications, to the possible interpretative models of differential capacitance data, but they have been usually neglected by assuming, as valid also for these systems, the theory of MottSchottky junctions in spite of the experimental evi dence conflicting with the main assumptions underly ing the use of simple M-S theory [3] . According to this it is not surprising that, in spite of the numerous studies on passive film/electrolyte interfaces, an unambiguous picture or a generalized acceptance of interpretative models is still lacking.
A Critical Assessment of the Mott-Schottky
In recent papers [5, [16] [17] [18] [19] we have suggested that the theory of amorphous semiconductor (a SC) Schottky barrier [20] [21] [22] [23] [24] is able to explain in a very large range of electrode potential and ac frequencies both the EIS spectra as well as the behaviour of both component of admittance as a function of electrode potential of thin and thick films of semiconducting anodic oxide film grown on different metals (Ti, Nb, W). However the use of a rather complex equivalent circuit in EIS study as well the limited range of acces sible frequencies and electrode potentials although confirmed, in our opinion, the validity of the theory of a SC Schottky barrier hampered a more direct com parison of M-S theory and a SC Schottky barrier in the interpretation of the experimental results. In this work we present some results of a more detailed inves tigation on the semiconducting properties of amor phous thick (~159 nm) anodic niobia grown on mag netron sputtered metal, aged under vacuum, and showing a semiconducting behaviour in a large range of frequency (10 Hz-20 kHz) and electrode potential region (about 6 V). Owing to the almost ideal behav iour of the aged α Nb 2 O 5 /electrolyte junction a quite simple electrical equivalent circuit has been used to derive the two components of the differential admit tance as a function of electrode potential and ac fre quency which allowed to test both the a SC Schottky barrier model and the traditional M-S approach as for the frequency and potential dependence of the differ ential capacitance measurements. Such an investiga tion is aimed to explain some inconsistencies arising in the use of simple Mott-Schottky analysis to interpret the impedance behaviour of amorphous semiconduct ing (a SC) passive films as well as to show that the the ory of a SC Schottky barrier provides a physically grounded explanation of usually observed experimen tal findings.
2. EXPERIMENTAL Niobium films (~300 nm thick) were magnetron sputtered on to glass substrate using 99.9% pure nio bium target of 100 mm in diameter. The deposited nio bium had a bcc structure with a [100] preferred orien tation [25] . These films were anodized at a constant current density of 50 A m -2 in 0.1 mol dm -3 ammo nium pentaborate (ABE) electrolyte at 293 K, the potential being kept constant for 1 h at 50 V. After anodizing, specimens were heat treated in vacuum (5 × 10 -6 -10 -5 Torr) at 523 K for 1 h. A detailed study on the influence of thermal treatment in vacuum on morphological, compositional and electrical proper ties of anodic niobia films here investigated, has been reported in Refs. [25, 26] . For this work it is necessary to mention that, according to the Transmission Elec tron Micrograph of ultramicrotomed sections as well as to the Glow Discharge Optical Emission Spectros copy (GDOES) analysis of the investigated film [26] , the thickness of the aged Nb 2 O 5 before and after ther mal treatment was about 160 nm. As reported in liter ature [26, 27, and, Refs. therein] some oxygen dissolu tion into the underlying niobium metal occurred dur ing the annealing. Impedance spectra and differential admittance curves were recorded in 0.5 M H 2 SO 4 solu tion by using a Parstat 2263 (PAR), connected to a computer for the data acquisition. For all the experi ments, a Pt net having a very high surface area was used as counter electrode and a Ag/AgCl/3.5 M С1 -(SSC) was employed as reference electrode.
RESULTS AND DISCUSSION

Electrochemical Impedance Spectroscopy (EIS)
and Differential Admittance (DA) Study EIS spectra of the aged Nb 2 O 5 were recorded in 0.5 M H 2 SO 4 in a wide range of electrode potential (⎯0.25-6.0 V vs. SSC). The EIS experimental data were validated using the Kramers-Kronig (K-K) transformation, as explained elsewhere [19, 28] . The K-K transformed data and the experimentally acquired ones showed small discrepancies and the rel ative errors were always less than 3% [19] . In Fig. 1 the Bode plot of the aged Nb 2 O 5 in 0.5 M H 2 SO 4 solution are reported at different potentials. The phase shift (Fig. 1b) shows that the behaviour of the aged Nb 2 O 5 electrodes is capacitive at all the potentials, showing values near to 90°. At -0.25 V vs. SSC the phase angle at low frequencies (<1 Hz) slightly decreases due to a side reaction with high charge transfer resistance. The
